Key indicators: single-crystal X-ray study; T = 293 K; mean (As-As) = 0.001 Å; some non-H atoms missing; R factor = 0.026; wR factor = 0.061; data-to-parameter ratio = 19.5.
Safflorite, a naturally occurring cobalt-nickel-iron diarsenide (Co,Ni,Fe)As 2 , possesses the marcasite-type structure, with cations (M = Co + Ni + Fe) at site symmetry 2/m and As anions at m. The MAs 6 octahedra share two edges, forming chains parallel to c. The chemical formula for safflorite should be expressed as (Co,Ni,Fe)As 2 , rather than the end-member format CoAs 2 , as its structure stabilization requires the simultaneous interaction of the electronic states of Co, Ni, and Fe with As 2 2À dianions.
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ides, are commonly found in complex Co-Ni-As ore deposits, such as Håkansboda, Sweden (Carlon & Bleeker, 1988) , the Cobalt District, Ontario (Petruk et al., 1971) , Bou-Azzer, Morocco (Ennaciri et al., 1995) , Modum, Norway (Grorud, 1997) , and Spessart, Germany (Wagner & Lorenz, 2002) . When precipitated from hydrothermal solutions, these minerals can incorporate considerable amounts of trace metals, especially so-called ''invisible'' gold (e.g., Palenik et al., 2004; Reich et al., 2005) . Under oxidizing conditions, however, they can release significant amounts of arsenic into natural water and soils, in some cases producing serious arsenic poisoning and contamination (King, 2002; Anawar et al., 2003; O'Day, 2006) . Therefore, the crystal structures and bonding models of Fe-Ni-Co disulfides, diarsenides, and sulfarsenides have been a subject of extensive experimental and theoretical studies (Vaughan & Rosso, 2006; Makovicky, 2006 , and references therein)
The crystal structures of all minerals, except safflorite, in the FeAs 2 -NiAs 2 -CoAs 2 system have been determined. Topologically, löllingite FeAs 2 (Kjekshus et al., 1979; Lutz et al., 1987; Ondrus et al., 2001 ) and rammelsbergite NiAs 2 (Kjekshus et al., 1974 (Kjekshus et al., , 1979 possess the marcasite (FeS 2 )-type structure with space group Pnnm, whereas clinosafflorite CoAs 2 (Darmon & Wintenberger, 1966; Kjekshus, 1971 ) is isostructural with the modified marcasite-type structure of arsenopyrite (FeAsS) with space group P2 1 /c (Hem et al., 2001; Makovicky, 2006) . From the unit-cell dimensions measured from X-ray diffraction, safflorite was assumed to be isotypic with marcasite (Holmes, 1947; Radcliffe & Berry, 1968 , 1971 .
Chemical analyses of various natural and synthetic samples reveal that Pnnm safflorite always contains some amounts of Fe and Ni, whereas materials with 80-100% (mole) CoAs 2 crystallize in monoclinic P2 1 /c symmetry (Holmes, 1947; Swanson et al., 1966; Radcliffe & Berry, 1971) . This study presents the first structure determination of safflorite based on singlecrystal X-ray diffraction data.
Safflorite is isomorphous with marcasite. Each cation (M = Co, Ni, and Fe) at site symmetry 2/m is octahedrally coordinated by six anions (As) at site symmetry m and each anion is tetrahedrally bonded to another anion (forming As-As dianion units) plus three M cations. The MAs 6 octahedra share two edges, forming chains parallel to c, and two vertices with adjacent chains (Fig. 1) . The average M-As bond distance (2.360 Å) is identical to that in clinosafflorite (Kjekshus, 1971 ), but slightly shorter than that in löllingite (2.379 Å) (Kjekshus et al., 1979; Lutz et al., 1987) or rammelsbergite (2.378 Å) (Kjekshus et al., 1979) . Notably, as the d-orbital electrons in M cations increase from Fe (d = 6) in löllingite to Co (d = 7) in safflorite, and Ni (d = 8) in rammelsbergite, the M-M separation along the chain direction increases significantly from 2.882 to 3.134, and 3.545 Å, respectively, while the As-As edge length shared by the two M octahedra concomitantly decreases from 3.808 to 3.547, and 3.219 Å. The octahedral distortion, measured by the octahedral angle variance (OAV) and quadratic elongation (OQE) (Robinson et al., 1971) 
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The variation of the M-M separation with the number of d-orbital electrons in marcasite-type disulfides, diarsenides, and sulfarsenides has been a matter of discussion (see Vaughan & Rosso, 2006 for a thorough review). Theoretical calculations based on molecular orbital and band models predict that, due to the interaction between the 3dσ(e g ) orbitals of M 2+ and the π b orbitals of As 2 2-, the M-As-M angle subtending the M-M separation across the shared octahedral edge should be substantially smaller for FeAs 2 than for CoAs 2 and NiAs 2 , resulting in the so-called ''compressed marcasite-type'' structure (Tossell et al., 1981; Tossell, 1984) . Indeed, this angle is 74° in FeAs 2 löllingite (Lutz et al., 1987) , but 83° in (Co,Ni,Fe)As 2 safflorite and 96° in rammelsbergite (Kjekshus et al., 1979) . It is intriguing to note that the end-member CoAs 2 has been found to only crystallize in the arsenopyrite-type structure (P2 1 /c) (Holmes, 1947; Swanson et al., 1966; Radcliffe & Berry, 1971) , rather than the marcasite-type structure (Pnnm). This observation may be explained by the existence of an unpaired electron occupying one of the π b orbitals, which splits into a lower-energy filled band and a higher-energy empty band (Goodenough, 1967) , thus resulting in the symmetry reduction from Pnnm to P2 1 /c. In other words, the presence of some Ni/Fe in place of Co appears to be an essential requirement for the CoAs 2 system to crystallize in the Pnnm symmetry. The pure system will otherwise be stabilized energetically in the clinosafflorite structure.
Another outstanding feature of the safflorite structure is the prominent anisotropic displacement ellipsoid of the M cation, the U 11 :U 22 :U 33 ratio being approximately 3:1:9, with the ellipsoid axial directions roughly parallel to the unit cell axes. This ratio can be compared to the differences of three unit-cell dimensions between FeAs 2 löllingite and NiAs 2 rammelsbergite et al., 1974 , 1979 Lutz et al., 1987) , which is about 
Refinement
Due to the similar X-ray scattering powers for Co, Ni, and Fe, all cations were assumed to be Co and their site occupancies were not determined during the refinement. All crystals examined were twinned, with {011} as twin plane. The structure refinements were performed based on X-ray diffraction data collected from a twinned crystal, which were processed with TWINABS (Sheldrick, 2007) . The ratio of two twin components is 0.73:0.27. The highest residual peak in the difference Fourier maps was located at (0.133, 0.370, 0.256), 0.85 Å from atom As, and the deepest hole at (0.133, 0.473, 0), 0.69 Å from As.
sup-3 Figures   Fig. 1 . Crystal structure of safflorite, with displacement ellipsoids drawn at the 99.9% probabiliy level. The M (=Co+Ni+Fe) cations (yellow spheres) are situated in octahedra coordinated by six As atoms (pink spheres).
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